1. Introduction {#sec1}
===============

In mammals, a determinant of fetal and infant growth is maternal nutrient transfer via the placenta and umbilical cord in fetal and from mother milk in infant, which consists of two major types of nutrients: macronutrients and micronutrients. Macronutrients are a major class of compounds, including carbohydrates, proteins, and fats, which provide energy for body formation and maintenance [@bib1]. On the other hand, micronutrients are supportive substances, including vitamins and minerals, which play a role in the metabolism of macronutrients [@bib2]. For example, maternal micronutrient insufficiency retards fetal growth [@bib3] and irreversibly changes the endocrine and metabolic status of the fetus [@bib4], often causing adiposity and insulin resistance in infants. Therefore, an insufficient supply of micronutrients is one of the main causes of pediatric diseases.

Phosphorus is a component of phospholipids, which are distributed in cell membranes, and calcium phosphate, which is the main structural material of bones and teeth [@bib5]. Furthermore, Phosphorus is the second most abundant mineral nutrient and is included in almost all foods, but it is unclear whether insufficient intake leads to disease. Our study aimed to determine the effect of phosphorus-insufficient food intake on tissue growth and maintenance.

2. Materials and methods {#sec2}
========================

2.1. Components of minerals in the diet {#sec2.1}
---------------------------------------

The normal phosphorus diet (NPD) included the following minerals per total weight of the diet (weight/weight) (w/w): KH~2~PO~4~ (1.7%), CaHPO~4~·2H~2~O (1.5%), MgSO~4~·7H~2~O (0.8%), NaCl (0.6%) and FeC~6~H~5~O~7~·5H~2~O (0.2%). The low-phosphorus diet (LPD) included the following minerals per total weight of the diet (w/w): KH~2~PO~4~ (0%), CaHPO~4~·2H~2~O (0%), MgSO~4~·7H~2~O (0.8%), NaCl (0.6%), and FeC~6~H~5~O~7~·5H~2~O (0.2%).

2.2. Mouse diet and housing {#sec2.2}
---------------------------

C57BL/6J mice were purchased from Japan SLC Inc., Shizuoka, Japan. After weaning, mice were divided into two groups and fed either the LPD or NPD. On maturity at 8 weeks old, both groups were mated to produce the next generation of mice. By the end of the weaning period, the next generation of mice was fed with the milk generated by mothers continuously fed either the LPD or NPD. The mice were housed in specific pathogen-free controlled conditions. Food and water were available *ad libitum*. The procedures for performing animal experiments were in accordance with the principles and guidelines of the Care and Use of Laboratory Animals at the National Institute for Child Health and Development. The animal committee approved all experiments performed in the present study.

2.3. Mass spectrometry quantitation of phosphorus content {#sec2.3}
---------------------------------------------------------

To quantify total phosphorus content, maternal milk was directly collected from the nipples of mice with a teat cup attached to a mouth pipette (NATSUME SEISAKUSHO Co. Lted. Tokyo, Japan). The phosphorus content was then quantified using inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7700x ICP-MS, Agilent Technologies, Santa Clara, CA), as described previously [@bib6].

2.4. Measurement of body weight in neonatal mice {#sec2.4}
------------------------------------------------

The body weight of pups was measured each day between 1200 h and 1400 h and compared between the two groups of mice fed the LPD or NPD.

2.5. Histochemical analysis {#sec2.5}
---------------------------

To observe bone and cartilage formation, a histochemical method was used as described previously [@bib7]. Briefly, after mice were sacrificed, their legs were isolated and the joints trimmed. The legs were then placed in decalcifying solution for 24 h, and 3-μm sections were prepared from paraffin-embedded tissues. After deparaffinization, the sections were stained with hematoxylin & eosin (H&E).

To investigate the effect of phosphorus insufficiency, we observed cartilages and bones at the joint in the two groups of mice fed the LPD and NPD. After the cartilage and bone samples were sectioned and stained with H&E as described earlier, the thickness of pink-colored surface tissue was measured as the layer of cartilage.

To observe bone deformation, cartilage sections were observed with a polarizing microscope (DM4500 P LED, Leica Microsystems, Wetzlar, Germany) capable of providing an excellent observation clear images for crystal formation. The polarizing microscope is the fundamental instrument used for the identification of crystals embedded in tissue [@bib8].

2.6. Multiplex suspension array {#sec2.6}
-------------------------------

Multiplex bead kits were purchased from the following manufacturers: LINCO Research (Kit a), Bio-Rad Laboratories (Kit b), R&D Systems (Kit c), and BioSource International (Kit d). The multiplex assay was performed to detect cytokines of interest in sextaplicate on two separate occasions according to the manufacturers\' instructions. Standard curves for each cytokine using each kit were generated using the reference cytokine concentrations supplied by the manufacturers. Raw data (mean fluorescence intensity) from all kits were analyzed by MasterPlex Quantitation Software (MiraiBio) to obtain concentration values.

2.7. Statistical analysis {#sec2.7}
-------------------------

Comparisons were made using one-way analysis of variance following Scheffe\'s method, Mann--Whitney *U* test, or Fisher\'s exact test. Statistical significance was defined as P \< 0.05. Results were expressed as mean ± SE.

3. Results {#sec3}
==========

3.1. Effect of maternal milk on neonatal growth {#sec3.1}
-----------------------------------------------

To examine the effect of phosphorus-insufficient dietary intake in body formation and maintenance, C57BL/6J mice were fed either a low-phosphorus diet (LPD) or a normal phosphorus diet (NPD) from 21 days of age after weaning (weaning 21 days after birth) ([Fig. 1](#fig1){ref-type="fig"}A). The mouse feed (CE-2; CLEA Japan, Inc.) included a 7% mineral mixture (weight/weight) that contained two phosphate compounds: KH~2~PO~4~ (1.7% \[w/w\]) and CaHPO~4~·2H~2~O (1.5% \[w/w\]) (see [Materials and methods](#sec2){ref-type="sec"}). Therefore, to reduce the content of phosphorus in the feed, we prepared the LPD by removing these two phosphate compounds. Since the cornstarch included phosphorus to some extent, the final phosphorus content in the LPD was expected to be 80.8% less than that of the NPD. However, when the phosphorus content was conventionally quantified using inductively coupled plasma atomic emission spectrometry (ICP-AES), its content in LPD was reduced to 81.5% less than that of NPD ([Fig. 1](#fig1){ref-type="fig"}B).Fig. 1Effect of phosphorus-insufficient feed for maternal milk. A, Breeding plan. Eight-to twelve-week-old C57BL/6J mice were intercrossed, and then pups (first generation) were obtained. The first generation mice were fed the low-phosphorus diet (LPD) from 21 days old (the first day after weaning). Concomitantly, other mice were fed the normal phosphorus diet (NPD) as a control group. When the mice were 8 weeks old, they were intercrossed, and the pups were obtained (second generation). The pups were then fed with maternal milk from first generation mother mice fed the LPD. B, The volume of minerals in LPD or NPD. C, The concentration of inorganic phosphate (Pi) in maternal milk of mother mice fed the LPD (n = 3) or NPD (n = 3) at day 14 after parturition. Values are mean ± SE. D, Body weight of 13-day-old mice fed the LPD (n = 13) or NPD (n = 13). Values are mean ± SE. E, Articular bones of mice fed the LPD or NPD. The bones were sectioned and stained with hematoxylin & eosin. Left sets of panels, male mice. Right sets of panels, female mice. Lower sets of panels, the enlarged images of the boxes from the upper images. Arrows, cartilages. Scale bars, upper sets of panels, 500 μm. Lower sets of panels, 200 μm.

To reveal the efficient of diet to maternal milk component the phosphorus content was quantified using ICP-MS, the phosphorus content in the maternal milk of mice fed the LPD was lower than that of mice fed the NPD (1.03 ± 0.083 mg/L for LPD n = 3 and 1.58 ± 0.115 mg/L for NPD n = 3; P = 0.020) ([Fig. 1](#fig1){ref-type="fig"}C). Then, to investigate the effect of maternal milk on neonatal growth, we measured the body weight of 13-day-old infant mice obtained from mothers fed the LPD ([Fig. 1](#fig1){ref-type="fig"}D). The body weight was significantly reduced in infant female mice fed with milk from mothers fed the LPD compared with that of control female mice (5.02 ± 0.246 g for LPD n = 13 and 6.18 ± 0.135 g for NPD n = 13; P = 0.0005), but not in infant male mice (5.52 ± 0.101 g for LPD n = 13 and 5.78 ± 0.176 g for NPD n = 13). These results suggest that phosphorus insufficiency in maternal milk causes growth retardation in neonatal mice in a female-specific manner.

In humans, body weight is closely associated with bone mass and an increased risk of fractures [@bib9]. Excessive phosphorous is often added to the diet in an attempt to improve early bone mineralization and ectopic calcification. Hence, to evaluate the association of reduced body weight with bone mass, we performed histochemical analysis of the limb joints ([Fig. 1](#fig1){ref-type="fig"}E). As expected, eosinophilic stained regions were formed in the cartilage in 10-week-old female mice fed the low-phosphorus milk (LPM) but not in mice fed the normal phosphorus milk (NPM) ([Fig. 1](#fig1){ref-type="fig"}E). From these results, we predicted that phosphorus-insufficient milk intake would lead to cartilage anomalies in infant mice.

3.2. Ectopic crystal formation in cartilages {#sec3.2}
--------------------------------------------

To address crystal formation in cartilages, we performed polarizing microscopic analysis of sectioned cartilages in 10-week-old female mice fed the LPM, and compared results with those of mice fed the NPM ([Fig. 2](#fig2){ref-type="fig"}A). As expected, bright, needle-like crystals were observed in cartilages of female mice fed the LPM but not in mice fed the NPM ([Fig. 2](#fig2){ref-type="fig"}A left panel set arrow). Moreover, the region containing these crystals was consistent with the pink--red region of cartilages stained with H&E ([Fig. 2](#fig2){ref-type="fig"}A right panel set broken line). This result suggests that crystals are ectopically formed in the cartilages of infant female mice fed the LPM.Fig. 2Ectopic crystal formation and ectopic expression of collagen I. A, Articular bones of mice fed the LPM or NPM. Left set of panels, light micrograph of sectioned and stained cartilage with hematoxylin & eosin. The set to the right was polarized light micrograph. Scale bars, 200 μm. B, Articular bones of mice fed the LPM or NPM were immunostained with collagen I (middle panels) and collagen II--specific antibodies (bottom panels). Left set of panels, NPM. Right set of panels, LPM. Upper panels, hematoxylin & eosin staining. Middle and lower panels, the enlarged images of the boxes in the upper images. Scale bars, 50 μm. C, The expression levels of collagen I and collagen II mRNA in articular bones of mice fed the LPM (n = 3) or NPM (n = 3). Values are mean ± SE.

3.3. Ectopic expression of collagen I {#sec3.3}
-------------------------------------

Collagen is a major component of extracellular matrix production in cartilage and bone, and consists of more than 20 different collagen types [@bib10]. Among them, collagen I and II are major components of bone and cartilage, respectively [@bib11]. As shown in [Fig. 2](#fig2){ref-type="fig"}A, since the refraction observed in the shin bone cartilage was similar to that of extracellular matrix in bones [@bib12], we carried out immunohistochemical analysis for comparison of this cartilage in mice fed the LPM and NPM. Collagen I was found to be ectopically distributed in the cartilage of mice fed the LPM but not the NPM ([Fig. 2](#fig2){ref-type="fig"}B). Furthermore, the swath of collagen II-distributed region was markedly narrowed in the cartilage of mice fed the LPM relative to that of mice fed the NPM ([Fig. 2](#fig2){ref-type="fig"}B). On the other hand, when extracts of the cartilages were analyzed with quantitative real-time polymerase chain reaction (qPCR), there was no significant difference between mice fed either the LPM or NPM (Collagen I; 100 ± 46.6 in mice fed the NPM n = 3 and 161.7 ± 46.7 in mice fed the LPM n = 3; Collagen II; 100 ± 71.3 in mice fed the NPM n = 3 and 62.1 ± 18.5 in mice fed LPM n = 3) ([Fig. 2](#fig2){ref-type="fig"}C), suggesting that the gene expression of *Collagen I* is normally regulated in the cartilage of mice fed the LPM. These results indicate that cellular layers are disturbed in the ends of bones, and bone-like tissues are ectopically formed by ectopic deposition of collagen I in cartilages of female mice fed the LPM.

3.4. Electron microscopic analysis {#sec3.4}
----------------------------------

To examine the distribution of cells embedded in the cartilages of mice fed the LPM, the cartilages were subjected to further analysis by thin-section electron microscopy ([Fig. 3](#fig3){ref-type="fig"}). In the ends of bones in mice fed the NPM (the control), perichondrium and spindle-shaped cells were formed ([Fig. 3](#fig3){ref-type="fig"}A arrow head). Instead, round-shaped cells were formed in the cartilages of mice fed the LPM ([Fig. 3](#fig3){ref-type="fig"}A arrow). Furthermore, the cartilage lacuna was formed in mice fed the NPM but not in mice fed the LPM ([Fig. 3](#fig3){ref-type="fig"}B).Fig. 3Electron micrographic analysis. A, The electron micrographs of mice fed the LPM or NPM. Upper set of panels, NPM. Lower set of panels, LPM. Scale bars, 10 μm. B, The electron microscopic images of mice fed the LPM or NPM. Scale bars, 2 μm.

3.5. Quantity of cytokines contained in maternal milk {#sec3.5}
-----------------------------------------------------

Bone deformation is often caused by reduced number of osteoclasts, and by ectopically increased numbers of osteoblasts [@bib9]. Cytokines are important stimuli of joint inflammation and are associated with growth and function of osteoclasts and osteoblasts [@bib13]. We expected that dysfunction of osteoclasts or osteoblasts might cause bone deformation in infant female mice fed with LPM. To address this issue, multiplex suspension arrays of several cytokines were performed for the serum collected from infant female mice fed the LPM, and compared with that of mice fed the NPM ([Fig. 4](#fig4){ref-type="fig"}A).Fig. 4Detection of cytokines in serum and milk. A, The multiplex suspension arrays of mice fed with LPD or NPD. Left panel, concentration of tumor necrosis factor α (TNFα) (n = 3). Middle panel, concentration of interleukin-1α (IL-1α) (n = 3). Right panel, concentration of IL-6 (n = 3). Values are mean ± SE. B, Western blot analysis with IL-6 antibody in the milk of mice fed the LPD or NPD. The expression of GAPDH served as an internal control. C, Scheme of experiment.

When the amount of tumor necrosis factor α (TNFα) was measured, no significant difference was detected in male mice (2.74 ± 0.63 pg/mL in mice fed the LPM and 2.98 ± 0.47 pg/mL in mice fed the NPM) or even in female mice (3.15 ± 0.61 pg/mL in mice fed the LPM and 2.92 ± 0.41 pg/mL in mice fed the NPM).

Interleukin-1α (IL-1α) directly stimulates the survival, fusion, and bone-resorbing activity of osteoclasts, and promotes the apoptosis of osteoblasts [@bib14]. When the amount of IL-1α was measured, no significant difference was detected in male mice (142.70 ± 38.27 pg/mL in mice fed the LPM and 644.32 ± 187.91 pg/mL in mice fed the NPM) or in female mice (324.03 ± 34.92 pg/mL in mice fed the LPM and 294.93 ± 97.23 pg/mL in mice fed the NPM).

When the amount of IL-6 was measured, no significant difference was detected in male (2.51 ± 1.17 pg/mL in mice fed the LPM and 3.36 ± 4.75 pg/mL in mice fed the NPM) or female mice (2.07 ± 0.90 pg/mL in mice fed the LPM and 5.54 ± 4.24 pg/mL in mice fed the NPM). When the amount of IL-7 was measured, there was no significant difference in male (0.98 ± 0.48 pg/mL in mice fed the LPM and 17.86 ± 16.92 pg/mL in mice fed the NPM) or female mice (2.66 ± 2.07 pg/mL in mice fed the LPM and 54.02 ± 52.08 pg/mL in mice fed the NPM). These results suggest that the increased production of these cytokines in blood might be not the main cause of bone deformation, but it does not preclude the possibility that these cytokines work locally in cartilages in a maternal milk-dependent manner.

To address this issue, we carried out immunoblotting for maternal milk collected from mother mice 7 days of giving birth. Since maternal milk contains IL-6 [@bib15], an antibody against mouse IL-6 was used for immunoblotting. As described previously [@bib15], IL-6 was detected in samples collected from mother mice fed the NPM ([Fig. 4](#fig4){ref-type="fig"}B) but not in samples collected from mother mice fed the LPM ([Fig. 4](#fig4){ref-type="fig"}B). This result supports the hypothesis that cytokines promote locally the formation of cartilages in a maternal milk-dependent manner.

4. Discussion {#sec4}
=============

Maternal milk is a unique source of nutrients for neonates, and it also protects neonates from pathogens by supplying antipathogenic materials such as immunoglobulin, lactoferrin, lysozyme, and some types of maternal cells. Since the components of maternal milk are based on dietary materials such as proteins, minerals, and vitamins, a mother\'s healthy diet is known to be essential for neonatal growth [@bib16]. Numerous recent studies have stated that the condition of insufficient nourishment from fetal to neonatal periods elevates the risk for type II diabetes, chronic cardiac disease, and hyperpiesia [@bib16]. In the present study, we demonstrated that mice fed the LPD had reduced amounts of phosphorus in maternal milk ([Fig. 1](#fig1){ref-type="fig"}C). In general, the dietary intake of minerals, such as calcium and magnesium, has no effect on their concentrations in maternal milk [@bib17]. Similarly, since phosphorus concentration is tightly regulated in maternal milk, its dietary intake is believed to have no influence on the amount of phosphorus in human milk [@bib17]. We further found that the intake of LPM caused the ectopic formation of bony tissues in the cartilages in a female-specific manner ([Fig. 1](#fig1){ref-type="fig"}D, E), which was presumably caused by ectopic distribution of collagen I ([Fig. 2](#fig2){ref-type="fig"}B) and insufficient supply of IL-6 from maternal milk ([Fig. 4](#fig4){ref-type="fig"}A, B). Our results showed that female-specific bone deformation occurs during lactation. Thus, we propose that phosphorus intake from maternal milk maintains the normal formation of female neonatal cartilages.

In normal cartilage, the perichondrium, which contains chondrogenic cells, is formed in the ends of bones, and chondroblasts are distributed under the perichondrium [@bib11]. Upon bone formation, the chondroblasts further migrate to the inner tissues, enter the cartilage lacuna, differentiate into ovoid chondrocytes, and mature into cartilage [@bib18].

Some types of bone diseases, such as chronic rheumatoid arthritis, osteoarthritis of the knee, arthrosis, osteoporosis, and systemic lupus erythematosus, are sex-specific disorders [@bib19]. The amount of calcium as an essential component of bone tissues is thought to be maintained at a constant level in maternal milk, because calcium is released from bone tissues despite dietary intake [@bib20]. On the other hand, phosphorus is also essential for bone formation because calcium phosphate as main component of bone is a compound of phosphorus coupled with calcium, but its amount in maternal milk is reduced corresponding to the intake of a LPD ([Fig. 1](#fig1){ref-type="fig"}C). Furthermore, we demonstrated that the intake of a LPD reduced the amount of IL-6 in maternal milk ([Fig. 4](#fig4){ref-type="fig"}A, B). Interleukin-6 (IL-6) facilitates osteoclast formation by increasing the production of TNFα and RANKL in T cells [@bib21], and IL-7--deficient mice markedly have an increase in bone mass [@bib22].

As described earlier, IL-6 facilitates bone metastasis by promoting the formation of osteoclasts, and induces the production of TNFα, which is able to activate the osteoclasts. Tumor necrosis factor α (TNFα) is known to exhibit osteoclastogenic activities, and induction of osteoclastogenesis by receptor activator of NF-κB ligand (RANKL) is accompanied by the elevated expression of TNFα [@bib23]. Moreover, the IL-6 receptor, which is expressed in synovial cells of joints, stimulates the JAK-STAT pathway via binding with IL-6 [@bib24], [@bib25] and upregulates transcriptional ability through the MAP kinase pathway [@bib25]. As seen in [Fig. 2](#fig2){ref-type="fig"}B, C, our results show that collagen I was ectopically deposited in the cartilages of mice fed the LPM, implying that the reduced amount of IL-6 contained in maternal milk might be closely related to the localization of collagen I and/or its degradation but not to gene expression. The relationship between the intake of a LPD with the amount of IL-6 in maternal milk remains unclear. However, as described previously [@bib26], since IL-6 in maternal milk is secreted from adipocytes, and klotho --- which regulates the intake of minerals including phosphorus --- is also expressed in adipocytes, we deduce that phosphorus insufficiency might be linked to the reduction of IL-6 in maternal milk.
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